
United States Patent [191 
Abatjoglou et a]. 

US005756855A 

5,756,855 
May 26, 1998 

[11] Patent Number: 

[45] Date of Patent: 

[54] 

[75] 

[731 

[21] 

[22] 

[5 1] 
[52] 

[5 8] 

[56] 

STABILIZATION OF PHOSPHITE LIGAN'DS 
IN HYDROFORMYLATION PROCESS 

Inventors: Anthony George Abatjoglou. 
Charleston; David Robert Bryant. 
South Charleston; John Michael 
Maher. Charleston. all of W. Va. 

Assignee: Union Carbide Chemicals & Plastics 
Technology Corporation. Danbury. 
Conn. 

Appl. No.: 293,028 

Filed: Aug. 19, 1994 

rm. (:1.6 ................................................... .. 001C 45/50 

US. Cl. ....................... .. 568/454; 568/451; 568/492; 
558/71; 502/161 

Field of Search ............................. .. 502/161; 558/71; 
568/451. 454. 492 

References Cited 

U.S. PATENT DOCUMENTS 

3,553,298 1/1971 Hodan eta]. ..... .. 260/967 
3,597,461 8/1971 L’Eplattenier et a1. . 260/429 
3,661,949 5/1972 Fenton ...................... .. 260/413 

3,876,672 4/1975 Mrowca ......... .. 260/410.9R 

4,200,592 4/1980 Hignett et a1. 260/604 HF 
4,306,086 12/1981 Demay . . . . . . . . . . . . . . . . . . .. 568/454 

4,453,019 6/1984 Chang .................... .. 568/454 
4,467,116 8/1984 van Leeuwen et a1. . .. 568/454 

4,539,306 9/1985 Chang .... .. 502/154 

4,567,306 1/1986 Dennis .. 568/455 
4,599,206 7/1986 Billig at al. 558/85 
4,599,323 7/1986 Demay et a1. .. 502/161 
4,650,894 3/1987 Fisch et a1. 558/71 
4,668,651 5/1987 Billig et a1. .... .. 502/158 
4,748,261 5/1988 Biliig et a1. ........ .. .. 556/404 

5,059,710 10/1991 Abatjoglou et a1. . 558/78 
5,087,763 2/1992 Sorensen .... .. 568/492 

5,135,901 8/1992 Beavers ...... .. 502/161 

5,196,596 3/1993 Abatjoglou 568/492 
5,233,093 8/1993 Pitchai et a1. 568/454 
5,288,918 2/1994 Maher eta]. ......................... .. 568/454 

5,434,311 7/1995 Omatsu et a1. ....................... .. 568/454 

5,488,174 1/1996 Drent et a1. ........................... .. 568/454 

FOREIGN PATENT DOCUMENTS 

0518241 6/1991 European Pat. Off. . 
0590611 4/1994 European Pat. OE. . 
348284 11/1956 Switzerland . 

U1‘ HER PUBLICATIONS 

Anna M. Trzeciak et a1.. Synthesis and Properties of the 
Orthometallated Rhodium Complex Rh 
{P(OPh)3}3{P(0C6H4)(0Ph)2} Z. anorg. allg. Chem. 577 
(1989). pp. 255-262. 
F.H. Westheimer. et a1.. Rates and Mechanisms ofHydro/ysis 
of Esters of Phosphorous Acid, .1. Am. Chem. Soc. 1988. 
110.pp. 181-185. 
LN. Lewis et a1, Catalytic C-C Bond Formation via Ortho 
Metalated Complexes, J. Am. Chem. Soc.. vol. 108. No. 10. 
1986. 1986. pp. 2728-2735. 

Primary Examiner-Gary Geist 
Assistant Examiner-—Sreeni Padmanabhan 
Attorney, Agent, or Firm-Gerald L. Coon 

[57] ABSTRACT 

The present invention provides a hydroformylation process 
comprising: (1) forming a reaction mixture containing: (a) 
an ole?nic compound. (1:) hydrogen. (c) carbon monoxide. 
(d) a phosphite in which each phosphorus atom is bonded to 
three oxygen atoms and at least one such oxygen atom is 
bonded to a carbon atom of an aromatic ring that is adjacent 
to another carbon atom of said ring having a pendant 
monovalent group having a steric hindrance at least as great 
as the steric hindrance of the isopropyl group. (e) a catalytic 
amount of rhodium. and (f) a Group V111 metal (other than 
a rhodium) in an amount sufficient to reduce the rhodium 
catalyzed decomposition of the phosphite during the hydro 
fonnylation process; and (2) maintaining the reaction mix 
ture under conditions at which the ole?nic compound reacts 
with the hydrogen and carbon monoxide to form an alde 
hyde. 

13 Claims, No Drawings 
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STABILIZATION OF PHOSPHITE LIGANDS 
IN HYDROFORMYLATION PROCESS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a process wherein certain 
metals are used in hydroformylation reaction mixtures con 
taining phosphite ligands susceptible to rhodium-catalyzed 
degradation in order to stabilize the ligands against such 
degradation. 

2. Description of Related Art 
It is known to produce aldehydes by hydroformylating 

reaction mixtures comprising an ole?nic compound. 
hydrogen. carbon monoxide. rhodium and a phosphite 
ligand. Complex catalysts formed in situ from the rhodium. 
ligand and carbon monoxide catalyze such hydroformyla 
tion reactions. Such processes are disclosed. for example in 
US. Pat. No. 4.599.206 which relates to the use of speci?c 
class of phosphite ligands (referred to therein as “diorgano 
phosphite” ligands) in hydroformylation. 

Such known hydroformylation processes suffer from the 
drawback that certain phosphite ligands are susceptible to 
rhodium-catalyzed decomposition which results not only in 
a loss of the expensive ligands but which may also result in 
deactivation of the rhodium by the ligand decomposition 
products. An example of one type of rhodium-catalyzed 
phosphite degradation is disclosed in "Synthesis and Prop 
erties of the Orthometallated Rhodium Complex Rh{P(OPh) 
3}3{P(OC6H,,)(OPh)2}”. Anna M. Trzeciak and Josef J. 
Ziolkowski. Z. Anorg. Allg. Chem. 577. (1989). 255-262. 

Rhodium-catalyzed phosphite degradation is distinct from 
acid-catalyzed hydrolytic phosphite degradation disclosed. 
for example. in “Rates and Mechanisms of Hydrolysis of 
Esters of Phosphorous Acid”. F. H. Westheimer. Shaw 
Huang. and Frank Covitz. J. Am. Chem. Soc.. 1988. 110. 
181-185. Phosphites sensitive to one of these forms of 
degradation may be relatively insensitive to the other form 
of degradation and stabilizers against one form of phosphite 
degradation do not necessarily stabilize against the other 
form of phosphite degradation. For example. published 
European Patent Application 0590611 discloses that 
epoxides stabilize phosphites against acid-catalyzed hydro 
lytic degradation in hydroforrnylation reaction mixtures but 
epoxides do not stabilize phosphites against rhodium 
catalyzed degradation. 

It is an object of the present invention to provide a 
hydroformylation process using phosphite ligands that are 
susceptible to. but are stabilized against. rhodium-catalyzed 
degradation. 

Other objects of the present invention will be apparent 
from the description thereof appearing below. 

SUMMARY OF THE INVENTION 

The present invention provides hydroformylation process 
comprising: (1) forming a reaction mixture containing: (a) 
an ole?nic compound. (b) hydrogen. (c) carbon monoxide. 
(d) a phosphite in which each phosphorus atom is bonded to 
three oxygen atoms and at least one such oxygen atom is 
bonded to a carbon atom of an aromatic ring that is adjacent 
to another carbon atom of said ring having a pendant 
monovalent group having a steric hindrance at least as great 
as the steric hindrance of the isopropyl group. (e) a catalytic 
amount of rhodium. and (f) a Group VIII metal (other than 
rhodium) in an amount su?icient to reduce the rhodium 
catalyzed decomposition of the phosphite during the hydro 
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2 
forrnylation process; and (2) maintaining the reaction mix 
ture under conditions at which the ole?nic compound reacts 
with the hydrogen and carbon monoxide to form an alde 
hyde. 
The present invention also provides a hydroforrnylation 

catalyst precursor composition comprising: (i) a rhodium 
catalyst precursor. (ii) a compound of a Group VIH metal 
(other than a rhodium compound) in an amount that provides 
a su?icient amount of the Group V111 metal to reduce the 
rhodium-catalyzed decomposition of the phosphite 
described in (iii) below during hydroformylation and (iii) a 
phosphite in which each phosphorus atom is bonded to three 
oxygen atoms and at least one such oxygen atom is bonded 
to a carbon atom of an aromatic ring that is adjacent to 
another carbon atom of said ring having a pendant monova 
lent group having a steric hindrance at least as great as the 
steric hindrance of the isopropyl group. 
The present invention further provides a hydroformyla 

tion catalyst composition comprising: (i) rhodium in com 
plex combination with carbon monoxide and a phosphite in 
which each phosphorus atom is bonded to three oxygen 
atoms and at least one such oxygen atom is bonded to a 
carbon atom of an aromatic ring that is adjacent to another 
carbon atom of said ring having a pendant monovalent group 
having a steric hindrance at least as great as the steric 
hindrance of the isopropyl group. and (ii) a Group V111 metal 
(other than a rhodium compound) in complex combination 
with carbon monoxide and said phosphite. said Group V111 
metal being present in an amount suf?cient to reduce the 
rhodium-catalyzed decomposition of the phosphite during 
hydroformylation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The reaction mixtures used in the process of the present 
invention contain rhodium. The rhodium functions as a 
hydroforrnylation catalyst in the form of a complex com 
prising the rhodium complexed with carbon monoxide and 
the phosphite ligand. When used herein to describe such 
complex catalysts. the term “comprising” is not meant to 
exclude. but rather includes. other ligands (e.g.. hydrogen or 
other organic ligands. such as the ole?n reactant) also 
complexed with the rhodium. However. the term “compris 
ing" is meant to exclude materials in amounts which unduly 
poison or deactivate the catalyst. Thus. the catalyst is 
desirably free of signi?cant amounts of contaminants such 
as rhodium-bound halogen (e. g.. chlorine) and the like. 
The complex catalysts involved in the process of the 

present invention may be formed by methods known in the 
art. For instance. preformed rhodium hydridocarbonyl 
(mono-phosphite) complexes may be prepared and intro 
duced into the reaction mixture used in the hydroformylation 
process. Preferably. the catalysts used in this invention can 
be derived from a metal catalyst “precursor” which is 
introduced into the reaction mixture for in situ formation of 
the active catalyst complex in the reaction mixture. For 
example. rhodium catalyst precursors (such as rhodium 
dicarbonyl acetylacetonate. Rh2O3. Rh4(CO)12. Rh6(CO)16. 
Rh(NO3)3. rhodium acetylacetonate. and the like) may be 
introduced into the reaction mixture and the active catalyst 
complex can be formed in the reaction mixture by the 
precursor complexing with separately-added phosphite 
ligand and carbon monoxide. As a further example. in a 
preferred embodiment of the present invention. rhodium 
dicarbonyl acetylacetonate is reacted with a phosphite in 
presence of a solvent to form a rhodium carbonyl diorga 
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nophosphite acetylacetonate precursor. The precursor so 
formed is introduced into the hydroformylation reactor 
along with excess free phosphite ligand for the in situ 
formation of an active catalyst in the reactor by complexing 
with carbon monoxide in the reactor. In any event. it is 
suf?cient for the purpose of this invention to understand that 
carbon monoxide and phosphites are ligands that are capable 
of being complexed with the rhodium (along with other 
ligands such as hydrogen and a portion of the ole?n reactant) 
and that an active rhodium catalyst complex is present in the 
reaction mixture under the conditions of the hydroforrnyla 
tion process. 
The phosphite ligands useful in the process of the present 

invention contain one or more trivalent phosphorus atoms 
and each valence of the phosphorus atom bonds the phos 
phorus atom to a carbon atom of an aromatic ring through an 
oxygen atom and that carbon atom of at least one of the 
aromatic rings is adjacent to another carbon atom of the 
aromatic ring to which is bonded a pendant monovalent 
group (hereinafter called “hindering group”) having a steric 
hindrance at least as great as the steric hindrance of the 
isopropyl group. lllustrative of such blocking groups are 
branched alkyl groups containing at least 3 carbon atoms 
such as the isopropyl. secondary butyl. tertiary butyl. sec 
ondary amyl and tertiary amyl groups; cycloalkyl groups 
such as the cyclohexyl group; alkaryl groups such as the 
tolyl group; aralkyl groups such as the benzyl group and aryl 
groups such as the phenyl group. Phosphite ligands contain 
ing such hindering groups undergo rhodium-catalyzed deg 
radation during hydroforrnylation in the absence of a Group 
VIII metal stabilizer. The Group VIII metal stabilizer 
reduces the decomposition of the phosphite by at least ?ve 
percent by weight. For example. in the absence of a Group 
VIII metal stabilizer. at least about ?fty Weight percent of 
such phosphite ligands will decompose in rhodium 
catalyzed hydroformylation process over a twelve day reac 
tion period under the conditions used in Example 1 below. 
By way of comparison. under the conditions used in 
Example 1 below. less than about forty weight percent of 
such phosphite ligands will decompose in the presence of a 
Group VIII in accordance with the process of the present 
invention. 

Suitable phosphite ligands useful in the process of the 
present invention include: 

A. diorganophosphites having the formula: 

(1) 

(1) Ar represents an aryl group. at least one of which aryl 
groups having a pendant hindering group ortho to the 
carbon atom to which the oxygen atom is attached; 

(2) y has a value of 0 or 1; 
(3) Q represents a divalent bridging group selected from 

the class consisting of ——CR‘R2-—. —O——. ——S—. 
--NR3—. -SiR‘R5—. and -co—; 

(4) R1 and R2 each represent a group selected from the 
group consisting of hydrogen. an alkyl group contain 
ing 1 to 12 carbon atoms and the phenyl. tolyl and 
anisyl groups; 

(5) R3. R‘. and R5 each represent hydrogen or an alkyl 
group; 
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4 
(6) n has a value of 0 to 1; and 

(7) T represents a monovalent hydrocarbon group; 
B. partially open ended bis-phosphites having the for 

mula: 

Ar-O (11) 

(‘my 04 

(£1.12), O-T 

wherein D represents a divalent bridging group selected 
from the group consisting of alkylene. alkylene-oxy 
alkylene. arylene. and arylene (CH2)y—Q,,—-(CH2)y-arylene 
and wherein Ar. Q. n. y andT are as de?ned for formula (I) 
above; 

C. diorganophosphites having the formula: 

(W0); (III) 

wherein R0 is a substituted or unsubstituted monovalent 
aromatic group. at least one of which aromatic groups group 
has a pendant hindering group ortho to the carbon atom to 
which the oxygen atom is attached; 

D. phosphites having the formula: 

P(0R")(0R")(0R°) (IV) 

wherein R“. Rb and RC each an represent aryl group. at least 
one of which aromatic groups group has a pendant hindering 
group ortho to the carbon atom to which the oxygen atom is 
attached. provided that at least one of R“. R" and R‘ 
represents a group having the formula: 

wherein Q represents a group having the formula: 

or a group having the formula: 

R 

wherein each R‘ represents an optionally ?uorinercontaining 
hydrocarbyl group. Rfrepresents a hydrogen atom or an R’ 
group and R‘1 represents a hydrogen atom or an inert (to the 
hydroformylation reaction) substituent on the meta and/or 
para position of the ring. X represents an oxygen or sulphur 
atom. 11 is 0 or 1 and R8 represents a hydrogen atom or an 
inert (to the hydroformylation reaction) substituent of the 
ring; 
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E. polyphosphite ligands having the general formula: Examples of generic formula (I) 

(Ar) _0 (‘3H3 
(lab)? \ 5 cm-c —CH;CH3 

| 
(0)» P—0 X 

l CH3 0 

(fm \ 
(AD-0 .. 10 P-O 0cm 

wherein each Ar group represents an identical or different 0 / 
CH3 aryl group. at least one of which and groups having a C(CH3)3 

pendant hindering group ortho to the carbon atom to which 
the oxygen atom is attached; wherein X represents a 
m-valent radical selected from the group consisting of 
alkylene. alkylene-oxy-alkylene. arylene and arylene CH3 
—(CH2)y-—(Q)n—(CH2)y-arylene. wherein each arylene 
radical is the same as Ar de?ned above; wherein each y (mush 
individually has a value of 0 to 1; wherein each Q individu 
ally represents a divalent bridging group selected from the 
class consisting of —CR1R2—-. —O—. —S——. —NR3——. 

0 

—S1'R4R5— and -CO—. wherein each R1 and R2 radical \ 
individually represents a radical selected from the group / P"0 OCHK 

0 

consisting of hydrogen. alkyl of l to 12 carbon atoms. 
phenyl. tolyl and anisyl. wherein each R3. R‘ and R5 radical cmo 
individually represents —H or -—CH3; wherein each n 
individually has a value of 0 to l; and wherein in has a value 
of 2 to 6. Preferably each R1 and R2 individually represents C(Clig); 
--H or CH3; and 

F. phosphite compounds having the formula: 

quiz); 

30 

A‘-i9—P(0R‘)(0R2)L. (VI) 

wherein R1 and R2 are aromatic groups which may be the CH2 
same or different, at least one of which aromatic groups 
group has a pendant hindering group on a carbon atom 
adjacent to a carbon atom bonded to the oxygen atom; A1 is 
an n-valent organic group having an aliphatic hydrocarbon 
group. a cycloaliphatic hydrocarbon group or an aromatic 
hydrocarbon group bonded with an adjacent oxygen atom. 
which may respectively have a substituent; n is an integer of 
from 2 to 4; and the respective 

CH3 

CH3 0 

0\ 

ED group may be the same or di?erent. 

Illustrative of the groups represented by the R groups in 
the above formulas (I) to (VI) above include aryl. alkaryl. 
aralkyl. alkyl. cycloalkyl. alkoxyaryl. hydroxyaryl. alkoxy- 50 
alkyl. and hydroxyalkyl radicals. Representative R groups 
include phenyl. naphthyl. o-tolyl. 2-ethylphenyl. 2.6- C(Cm)3 
dimethylphenyl. 4-t-butylphenyl. 4-iso~pentylphenyl. 
nonylphenyl. benzyl. Z-phenylethyl. 4-phenylbutyl. methyl. 
ethyl. n-propyl. iso-propyl. n-butyl. sec-butyl. t-octyl. octyl. 55 cu, 
n-decyl. iso-decyl. n-dodecyl. cyclohexyl. cyclopentyl. 
4-methylcyclohexyl. p-methoxyphenyl. p-hydroxyphenyl. 
2-ethoxyethyl, 2-hydroxyethyl. and the like. 

In formulas (I) to (VI) above. the symbols can have the 
same or di?’erent meanings each time they occur (provided 60 
the meanings are within the above de?nitions). 

Speci?c illustrative examples of the phosphite ligands C(CHDS 
employable in this invention within the scope of genetic 
formulas (I) to (V1) above include such preferred ligands as: 

CH3 
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Examples of generic formulas (III) and (IV) _continucd 
(cnghcn 

5 (cu,)3c o P 

3 

0\ 
P—o 

/ 10 
o 

15 CH; 0—J—P 

c1130 3 

—O 
CHJO /P 25 

0 

Examples of generic formula (V) 

30 
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-continued 
(Cl-Mac 

(CW O\/ \P/O 
/ \ 

(CHmC 0 

Examples of generic formula (VD 

cmcrnh 

qCHz): 

16 

$03113); 

CH3 0 \ / O O \ / 0 CH3 

/P \ 
CH3 0 0 CH3 

mucus); (CI-lahCI-l 

C(CHJ}; Q Q (CHmC CH2 

CH3 0 O \ /0 O \ / 0 0C H3 

/’ ‘\ 
CH30 0 0 OCHg 

C(CHBh (CHDQC 

In the practice of the present invention. the Group VIII 
metal stabilizers are conveniently added to the hydroformy 
lation in the form of stabilizer precursors. The Group VIII 
compounds used as phosphite stabilizer precursors in the 
process of the present invention include the Group VIII 
metal carbonyl acetylacetonates. oxides. acetylacetonates. 
carbonyls and nitrates. Preferred phosphite stabilizers are 
compounds of ruthenium. cobalt. palladium and platinum. In 
addition to containing the Group VIII metal. it is important 
that the stabilizer precursor compound is soluble in the 
hydroformylation reaction mixture and is free of rhodium 
catalyst poisons such as cyanides. halides and sulfur com 
pounds. Rhodium compounds are useful as catalysts and/or 
catalyst precursors in the present invention. but are not 
useful as stabilizers. On the contrary. rhodium compounds 
catalyze degradation of the phosphites. 

55 

65 

The amounts of the starting materials employed in the 
process of the present invention is not narrowly critical. 
Typically. the amount of the Group VI[I compound used as 
a stabilizer precursor is the amount that provides up to a 10 
molar excess of the Group VIII metal based on the rhodium 
in the hydroformylation reaction mixture. More usually. the 
amount of the Group V111 compound used as a stabilizer 
precursor is the amount that provides from 1 to 5 moles of 
the Group VIII metal per mole of rhodium in the hydro 
formylation reaction mixture. Typically. the amount of phos 
phite ligand in the hydroformylation reaction mixtures used 
in the process of the present invention is between about 
0.005 and 15 weight percent based on the total weight of the 
reaction mixture. More usually. the ligand concentration is 
between 0.001 and 10 weight percent. and most often is 
between about 0.05 and 5 weight percent on that basis. 
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Typically. the amount of rhodium in the hydroformylation 
reaction mixtures used in the process of the present inven 
tion is from 10 to 1000 parts per million by weight based on 
the weight of the reaction mixture. more typically the 
amount is between about 10 and 750 parts per million by 
weight based on the weight of the reaction mixture and most 
typically the amount is between about 20 and 500 parts per 
million by weight based on the total weight of the reaction 
mixture. 

In the process of the present invention. the metal stabilizer 
precursor is added to and thoroughly mixed into the hydro 
formylation reaction mixture using any convenient proce 
dure. The metal stabilizer precursor can be mixed with or 
dissolved in any of the reactants or solvent and added to the 
hydroformylation reaction mixture admixed with those 
materials or the precursor can be separately added to the 
reactant mixture. The metal stabilizer precursor can be 
added hydroformylation reaction mixture in small quantities 
over an extended period during the hydroformylation pro 
cess. In this way. a concentration of metal stabilizer effective 
to stabilize the ligand during steady-state operation is main 
tained during the process. The metal stabilizer precursor also 
can be added initially to the hydroformylation reaction 
mixture at a higher than necessary concentration to achieve 
a long-term stabilization by allowing the concentration to 
fall to lower. but still e?’ective. concentrations during the 
process without further addition of stabilizer. The stabilizer 
precursor is converted in the hydroformylation reaction 
mixture to an active complex comprising the stabilizing 
metal in complex combination with carbon monoxide and 
the above-described phosphite ligands. The complex may 
also contain other ligands (e.g.. the hydrogen and the ole?n 
reactant). 
The hydroformylation reaction conditions that may be 

employed in the process of the present invention generally 
include the conditions heretofore disclosed in the art for 
hydroformylation using catalysts comprising rhodium and 
phosphite ligands. For instance. the total gas pressure of 
hydrogen carbon monoxide and ole?nic unsaturated starting 
compound of the hydroformylation process may range from 
about 1 to about 10.000 psia (pound per square inch 
absolute). In general. however. it is preferred that the process 
be operated at a total gas pressure of hydrogen. carbon 
monoxide and ole?nic compound of less that about 1500 
psia and more preferably less than about 500 psia. The 
minimum total pressure being limited predominately by the 
amount of reactants necessary to obtain a desired rate of 
reaction. More speci?cally. the carbon monoxide partial 
pressure is preferably from about 1 to about 120 psia and. 
more preferably. from about 3 to about 90 psia. while the 
hydrogen partial pressure is preferably about 15 to about 160 
psia and. more preferably. from about 30 to about 100 psia. 
In general H2:CO molar ratio of gaseous hydrogen to carbon 
monoxide may range from about 1: 10 to 100:1 or higher. the 
more preferred hydrogen to carbon monoxide molar ratio 
being from about 1:1 to about 10:1. Further. the hydroformy 
lation process may be conducted at a reaction temperature 
from about 45° C. to about 150°. In general. hydroformy 
lation reaction temperature of about 50° C. to about 120° are 
preferred for all types of ole?nic starting materials. The 
more preferred reaction temperatures are from about 50° C. 
to about 100° C. 
The ole?nic compounds used as starting materials in the 

hydroformylation process of the present invention include 
ole?nic compounds containing from 2 to 30 carbon atoms. 
Such ole?nic compounds can be terminally or internally 
unsaturated and be of straight-chain. branched chain or 
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18 
cyclic structures such as obtained from the oligomerization 
of propene. butene and isobutene as well as dimen'c. trimeric 
or tetrameric propylene and the like disclosed in US. Pat. 
Nos. 4.518.809 and 4.528.403. Moreover. mixtures of two or 
more different ole?nic compounds may be employed as the 
starting hydroformylation material if desired. Further. such 
ole?nic compounds and the corresponding aldehyde prod~ 
ucts derived therefrom may also contain one or more groups 
or substituents which do not unduly adversely affect the 
hydroformylation process or the process of this invention 
such as described. e.g.. in US. Pat. Nos. 3.527.809 and 
4.668.651. 

Illustrative ole?nic compounds are alpha-ole?ns. internal 
ole?ns. alkyl alkenoates. alkenyl alkanoates. alkenyl alkyl 
ethers. alkenols. and the like. e.g.. ethylene. propylene. 
l-butene. l-pentene. l-hexene. l-octene. l-nonene. 
l-decene. l-undecene. l-dodecene. l-tridecene. 
l-tetradecene. l-pentadecene. 1-hexadecene.1-heptadecene. 
l-octadecene. l-nonadecene. l-eicosene. Z-butene. 
2-methyl propene (isobutylene). 2-methylbutene. Z-pentene. 
2-hexene. S-hexane. 2-heptene. cyclohexene. propylene 
dimers. propylene trimers. propylene tetrarners. 2-ethyl-1 
hexene. 2-octene. styrene. 3-phenyl-l-propene. 
3-cyclohexyl-1-butene. allyl alcohol. allyl butyrate. hex-1 
en-4-ol. oct-1-en-4-o1. vinyl acetate. allyl acetate. 3-butenyl 
acetate. vinyl propionate. allyl propionate. methyl 
methacrylate. vinyl ethyl ether. vinyl methyl ether. allyl 
ethyl ether. methyl-3-pentenoate. n-propyl-7-octenoate. 
3-butenenitrile. S-hexenamide. 4-methyl styrene. 
4-isopropyl styrene. 4-tert-butyl styrene. alpha-methyl 
styrene. 4-tert-butyl-alpha-methyl styrene. 1.3 
diisopropenylbeuzene. eugenol. iso-eugenol. safrole. iso 
safrole. anethol. 4-allylanisole. indene. limonene. beta 
pinene and the like. 

Mixtures of different ole?nic compounds can be used as 
starting materials in the hydroformylation process of the 
present invention. The present invention is especially useful 
for the production of aldehydes by hydroforrnylating alpha 
mono-ole?nic hydrocarbons containing from 2 to 20 carbon 
atoms and internal ole?nic hydrocarbons containing from 4 
to 20 carbon atoms as well as mixtures of such alpha-ole?ns 
and internal ole?ns. Commercial-alpha-mono-ole?ns con 
taining four or more carbon atoms may contain minor 
amounts of corresponding internal mono-ole?ns and/or their 
corresponding saturated hydrocarbon and that such commer 
cial mono ole?ns need not necessarily be puri?ed from same 
prior to being hydroformylated. 
The hydroformylation process of the present invention 

can be conducted in the presence of an organic solvent for 
the rhodium-phosphite catalyst and any free phosphite 
ligand that might be present. Any suitable solvent which 
does not unduly adversely interfere with the intended hydro 
formylation reaction can be employed Suitable solvents for 
rhodium-catalyzed hydroformylation processes include 
those disclosed in US. Pat. No. 4.668.651 and also include 
saturated hydrocarbons. aromatic hydrocarbons. ethers. 
aldehydes. ketones. nitriles and aldehyde condensation 
products. Illustrative solvents include tetraglyme. pentanes. 
cyclohexane. benzene. xylene. toluene. diethyl ether. 
butyraldehyde. valeraldehyde. acetophenone. 
cyclohexanone. benzonitrile and Texanol® (2.4.4. 
trimethyl-l3-pentanediol monoisobutyrate sold by Eastman 
Kodak Company). Mixtures of one or more different sol 
vents may be employed if desired Most preferably. the 
solvent is a liquid organic compound in which the ole?nic 
starting material. catalyst and ligand are all substantially 
soluble. In general. it is preferred to employ aldehyde 



5.756.855 
19 

compounds corresponding to the aldehyde products desired 
to be produced and/or higher boiling aldehyde liquid con 
densation by-products as the primary solvent. such as the 
higher boiling aldehyde liquid condensation by-products 
that are produced in situ during the hydroformylation pro 
cess. Indeed. while one may employ any suitable solvent at 
the start up of a continuous process. the primary solvent in 
such a process will normally eventually comprise both 
aldehyde products and higher boiling aldehyde liquid con 
densation by-products due to the nature of such continuous 
processes. Such aldehyde condensation by-products can also 
be preformed and used from the start of the process. The 
amount of solvent employed is not critical to the present 
invention and need only be that amount su?icient to provide 
the reaction medium with the particular rhodium concentra 
tion desired for a given process. In general. the amount of 
solvent may range from about 5 percent by Weight up to 
about 95 percent by weight or more based on the total weight 
of the reaction mixture. 
The hydroformylation process of this invention can be 

conducted using any suitable procedure. e.g.. the liquid 
recycle procedure. Such liquid catalyst recycle procedures 
are known as seen disclosed. e.g.. in US. Pat. Nos. 4.668. 
651; 4.774.361; 5.102.505 and 5.110.990. For instance. in 
such liquid catalyst recycle procedures. it is commonplace to 
continuously remove a portion of the liquid reaction product 
medium. containing. e.g.. the aldehyde product. the solubi 
lized rhodium-phosphite catalyst. free phosphite ligand and 
organic solvent. as well as by-products produced in situ by 
the hydroformylation (e.g.. aldehyde condensation 
by-products etc.) and unreacted mono-ole?nic starting 
material. carbon monoxide and hydrogen (syn gas) dis 
solved in said medium from the hydroformylation reactor. to 
a distillation zone (e.g.. a vaporizer/separator) wherein the 
desired aldehyde product is distilled in one or more stages 
under normal. reduced or elevated pressure. as appropriate. 
and separated from the liquid medium. The vaporized or 
distilled desired aldehyde product so separated may then be 
condensed and recovered in any conventional manner. The 
remaining non-volatilized liquid residue which contains 
rhodium-phosphite complex catalyst. solvent. free phosphite 
ligand and usually some undistilled aldehyde product is then 
recycled back. with or without further treatment as desired. 
along with whatever by-product and non-volatilized gaseous 
reactants that might still also be dissolved in said recycled 
liquid residue. in any conventional manner desired. to the 
hydroformylation reactor. Moreover. the reactant gases so 
removed by such distillation from the vaporizer may also be 
recycled back to the reactor if desired. 

After the hydroformylation process of the present inven 
tion is conducted. separation of the desired aldehyde product 
from the crude reaction product may take place in any 
suitable manner. Separation is usually accomplished by 
distillation at relatively low temperatures. such as below 
150° C.. and more preferably at a temperature in the range 
of from about 50° C. to about 130° C. It is also preferred that 
such aldehyde distillation take place under reduced pressure 
e.g.. a total gas pressure that is substantially lower than the 
total gas pressure employed during hydroformylation when 
low boiling aldehydes (e.g.. C4 to C6 aldehydes) are 
involved or under vacuum when high boiling aldehydes 
(e.g.. C7 aldehydes or higher aldehydes) are involved. For 
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instance. the crude reaction product of the hydroformylation 
process is subjected to a pressure reduction so as to volatilize 
a substantial portion of the unreacted gases dissolved in the 
product. the liquid product (which now contains a much 
lower synthesis gas concentration than was present in the 
crude reaction product) to the distillation zone where the 
desired aldehyde product is distilled. In general. distillation 
pressures ranging from vacuum pressures or below on up to 
total gas pressure of about 50 psig should be suf?cient for 
most purposes. 

Infrared examination of a crude hydroformylation reac 
tion product containing phosphite-modi?ed rhodium cata 
lyst which does not contain another Group VIII metal (such 
as a ruthenium compound) as a phosphite stabilizer shows 
that some of the rhodium catalyst has formed the rhodium 
cluster having a formula: Rh6(CO)16. When ruthenium has 
been used as a stabilizer. either no Rhg(CO)16 is seen. or the 
quantities of that cluster are reduced Without wishing to be 
bound by any particular theory. it is believed and that either 
Rh6(CO)16 or other rhodium aggregate complexes which 
exist with Rh6(CO)16 (or intermediates leading to such 
complexes) are responsible for catalyzing the decomposition 
of phosphite ligands and that ruthenium (or other Group VIH 
metal) reduces the concentration of these complexes present 
in the hydroformylation reaction mixture. In any event. it 
has been found that by reducing the concentrations of these 
rhodium aggregates through addition of Group VIII metal 
such as ruthenium. the extent of rhodium-catalyzed degra 
dation of the phosphite ligand is reduced. 

In addition to reducing the degradation of phosphites as 
described above. some Group VIII metals (particularly 
ruthenium. platinum. cobalt and osmium) also reduce the 
extent of undesired precipitation of rhodium from rhodium! 
phosphite~catalyzed hydroformylation reaction mixtures 
(see Examples 9 to 14 below). Such precipitation of rhodium 
decreases the amount of active rhodium hydroformylation 
catalyst. 

In the Examples appearing below. the abbreviations used 
have the following meanings: 

mL milliliters 
°C. degrees centigrade 
ppmw or ppm parts per million by weight 
wt. % weight percent 
g moi/[1hr gram moles per liter per hour 
N/I lmles of mrmal butyraldehyde per 

mole of isobutyraldehyde in the 
reaction product 

Ligand 1 Formula and name given below 
Ligand II Formula and name given below 
acac acetylacetonate 

The following Examples illustrate the present invention. 

EXAMPLESltoS 

Eight experiments (Examples 1 to 8) were conducted 
involving the hydroformylation of propylene with hydrogen 
and carbon monoxide using rhodium carbonyl acetylaoeto 
nate as the catalyst precursor. “Ligand I” or “Ligand 11” as 
the phosphite ligand and tetraglyme as the solvent. The 
formula and name of Ligands I and II are as follows: 
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Ligand I ocr-t; 4,8-bis(l.l-dimethyl 
mints-[241,141 
methylethyl)-4 
methoxyphenoxy1-2, 10 
dimethoxydibenzo 

(CH3) id,?[1.3.2ldioxa 
Phosphepin 

0 
i 
P 

o / \ o 

(CH3)3C C(CHsb 

OCH; OCH; 

Ligand ll (CH3)3C tris-ortln-tert 
butylpbenyl phosphite 

C(CHah /O 

O—P\ 
0 

(CHahC 

30 

The experiments were conducted with and without a tran 
sition metal stabilizer and the composition of the reaction TABLE 1 
mixtures used in the experiments are shown in Table l. The 
experiments were conducted as follows: 

The hydroformylation reactions were conducted in a glass 
pressure reactor operating in a continuous mode. The reactor 
consisted of a three-ounce pressure bottle partially sub 
mersed in an oil bath with a glass front for viewing. After 
purging the system with nitrogen. about 20-mL of a freshly 
prepared rhodium catalyst precursor solution was charged to 
the reactor with a syringe. The catalyst precursor solution 
contained about 250 ppm rhodium (introduced as rhodium 
dicarbonyl acetylacetonate). metal stabilizer precursor 
(where used). ligand and tetraglyme as solvent. After sealing 
the reactor. the system was again purged with nitrogen. and 
the oil bath was heated to furnish the desired hydrofonny 
lation reaction temperature. The hydroformylation reaction 
was conducted at a total gas pressure of about 160 psig and 
100° C. reaction temperature. The partial pressures of 
hydrogen. carbon monoxide. and propylene during the reac 
tion are given in Tables 2 to 7 below. The remainder of the 
pressure of the reaction mixttn'e is from the partial pressures 
of nitrogen and aldehyde product. The ?ows of the feed 
gases (carbon monoxide. hydrogen. propylene and nitrogen) 
were controlled individually with mass ?ow meters and the 
feed gases were dispersed in the catalyst precursor solution 
via fritted metal spargers. The unreacted portion of the feed 
gases was stripped out the butyraldehydes produced in the 
reaction. The outlet gas was analyzed over the indicated 
number of days of continuous operation. The analytical 
results for Examples 1 to 6 are given in Tables 2 to 7 below. 
The average reaction rates for Examples 1 to 6 (in terms of 
gram moles per liter per hour of the butyraldehyde products) 
as well as the n-butyraldehyde to iso-butyraldehyde product 
ratio (N/I) for those Examples that are also given in Tables 
2 to 7 below. 

Composition of Reaction Mixtures Used in Examples 
35 l-8 to Determine the E?ect of Added Metal Stabilizers on Ligand 

Stabilization. 

Dodeca 
Tetra- Rh(CO)2aeae phe 
glyme Ligands I Catalyst none"" Stabilizer! 

40 Example grams grams grams grams Grams 

1. 29.5 0.405‘ 0.0189 0.30 None 
2. 29.5 0405* 0.0191 0.30 Ru3(C0)n I 

0.0316 
3. 29.5 0.405’ 0.0189 0.30 C0,(C0)‘/ 

0.0249 
45 4. 29.5 0.405‘I 0.019 0.30 Pt(aeac)2 / 

0.0573 
5. 29.5 0.405' 0.0189 0.30 Macao); / 

0.0448 
6. 29.5 0.405’ 0.0188 0.30 08,030)x2 I 

0.0442 
50 7. 28.2 1.2" 0.0152 0.30 None 

8. 28.2 1.2" 0.0152 0.30 Co2(CO).l 
0.0199 

"'Ligand I was used in the experiment 
55 “Ligand II was used in the experiment 

"*Intemal standard for liquid chromatography. 

TABLE 2 

60 Example 1. Control. Ligand I, no Stabilizer 
Reaction Rate Test Results - Daily Avggges 

Partial Pressure psi Rate N/I 

Days CO H2 C3H6 gmol/Ijbr Ratio 

65 0.6 53.1 46.4 13.3 2.050 0.8 
1.5 51.3 47.4 16.5 1.732 0.7 
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Example 1. Control. Ligand I, no Stabilizer 
Reaction Rate Test Results - Daily Averages 

Partial Pressure psi Rate N/I 

Days CO H2 C3116 gmol/Uhr Ratio 

2.5 51.9 46.8 16.9 1.530 0.7 
3.6 52.1 46.8 17.1 1.458 0.7 

4.5 52.4 46.8 17.2 1.508 0.8 
5.5 52.5 47.1 17.7 1.427 0.8 

6.5 52.2 47.0 18.0 1.471 0.8 

7.5 51.6 46.7 18.0 1.433 0.8 

8.4 51.3 46.6 18.5 1.462 0.8 
9.4 50.9 46.3 18 .7 1.491 0.8 

10.1 50.8 46.5 18.3 1.454 0.7 

11.1 50.6 46.1 19.1 1.370 0.7 

12.4 50.5 46.1 19.7 1.428 0.8 

13.5 51.9 45.2 20.0 1.422 0.8 

14.5 52.4 45.0 20.6 1.409 0.8 

TABLE 3 

Example 2. Ligand I, Ruthenium Stabilizer 
Reaction Rate Test Results ~ Daily Averages 

Partial Pressure gsi Rate N/I 

Days C0 H2 C3116 gmol/Llhr Ratio 

0.5 51.4 47.2 21.9 1.376 0.8 
1.5 49.0 46.0 27.0 1.063 0.7 
2.4 48.6 45.1 31.2 1.011 0.7 
3.5 48.5 45.0 32.2 0.954 0.7 
4.5 48.3 45.0 32.9 0.950 0.7 
5.4 48.7 45.0 33.4 0.948 0.7 
6.5 49.3 45.6 32.3 0.976 0.7 
7.5 49.5 44.5 32.8 1.024 0.7 
8.4 49.9 45.0 31.6 1.014 0.7 
9.4 49.3 44.6 34.8 1.039 0.7 

10.1 49.2 44.1 35.0 1.085 0.7 
11.1 49.2 44.2 35.1 1.129 0.7 
12.4 48.9 44.5 35.5 1.103 0.7 
13.5 49.3 45.2 35.3 1.163 0.7 
14.5 49.7 45.6 35.1 1.179 0.7 

TABLE 4 

Example 3. Ligand I, Cobalt Stabilizer 
Reaction Rate Test Results - Daily Averages 

Partial Ptessure gsi Rate N11 

Days CO H2 C3116 gmol/L/hr Ratio 

0.5 50.7 50.0 25.3 0.321 0.9 
1.4 49.4 47.4 26.1 0.616 0.8 
2.5 47.5 46.5 26.2 0.831 0.8 
3.2 46.9 46.2 26.4 0.888 0.8 
4.2 47.1 46.1 26.4 0.929 0.9 
5.5 47 .3 45 .6 26.4 0.915 1 .0 
6.6 47 .8 44.9 26.7 0.933 1 .O 
7.6 48.1 44.8 26.7 0.950 1.0 
8.6 48.0 44.8 26.5 0.957 0.9 
9.5 48.0 44.9 26.8 1.060 0.9 
10.6 48.1 44.7 26.6 1.134 0.9 
11.6 47.4 44.4 26.0 1.231 0.8 
12.6 47.4 44.5 25.7 1.358 0.8 
13.6 47.3 44.7 25.3 1.472 0.8 
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TABLE 5 

Example 4. Ligand 1, Platinum Stabilizer 
5 Reaction Rate Test Results - Daily Averages 

Partial Pressure gsi Rate N/I 

Days CO H2 C3116 grml/L/hr Ratio 

0.5 51.1 47.5 9.8 1.275 0.8 
10 1.4 52.1 48.3 12.4 0.999 0.8 

2.5 52.1 48.5 13.7 0.922 0.8 
3.2 52.0 48.0 14.0 0.944 0.8 
4.2 49.7 46.6 13.7 0.865 0.3 
5.5 51.1 48.2 14.3 0.871 0.8 
6.6 52.8 47.4 15.2 0.847 0.8 

15 7.6 53.1 47.0 15.8 0.846 0.3 
8.6 53.3 46.3 15.8 0.846 0.8 
9.6 52.5 46.3 17.7 0.959 0.8 
10.6 52.3 46.4 18.0 0.927 0.8 
11.6 52.2 46.5 18.0 0.912 0.8 
12.6 51.6 46.4 18.5 0.918 0.8 

20 13.6 51.6 46.0 19.2 0.955 0.8 

TABLE 6 

25 Example 5. Ligand I, Palladium Stabilizer 
Reaction Rate Test Results - Daily Averages 

Partial Pressure psi Rate N/I 

Days CO H2 C3116 grnol/Ijhr Ratio 

30 0.5 51.5 47.2 10.1 1.246 0.7 
1.4 51.5 46.1 11.2 1.188 0.8 
2.5 51.5 45.6 12.4 1.175 0.8 
3.2 51.4 45.7 12.5 1.198 0.8 
4.2 51.2 45 .6 12.7 1.280 0.8 
5.5 51.2 45.2 13.2 1.233 0.8 

35 6.6 51.4 45.2 14.0 1.213 0.8 
7.6 51.8 45.3 14.3 1.218 0.8 
8 .5 51.5 44.5 14.4 1.203 0.8 
9.6 52.1 44.4 15.0 1.230 0.8 
10.6 52.5 44.4 15.3 1.181 0.8 
11.6 52.3 44.7 15.2 1.146 0.8 

40 12.5 51.1 45.2 15.2 1.166 0.8 
13.6 51.1 44.3 15.8 1.175 0.8 

TABLE 7 
45 

Example 6. Ligand L Osmium Stabilizer 
MW 

ML Rm WI 

50 Days CO H2 C3116 gnnl/Uhr Ratio 

0.5 51.0 47.1 10.1 1.275 1.0 
1.4 51.2 46.7 10.6 1.449 0.8 
2.5 50.9 46.8 11.2 1.369 0.8 
3.2 50.8 46.5 11.4 1.379 0.8 
4.2 50.5 46.3 11.6 1.410 0.8 

55 5.5 50.6 46.8 12.4 1.395 0.8 
6.6 51.7 46.0 13.1 1.337 0.8 
7.6 52.2 46.0 13.7 1.283 0.8 
8.6 52.3 45.9 14.5 1.240 0.8 
9.5 51.7 45.6 15.6 1.260 0.8 
10.6 51.9 46.1 16.0 1.204 0.8 

60 11.5 51.5 46.2 16.0 1.181 0.8 
12.5 51.5 46.0 17.3 1.182 0.8 
13.5 51.5 46.0 17.3 1.182 0.8 

The Ligand I concentrations in the hydroforrnylation 
65 reaction mixtures during Examples 1-6 was monitored by 

High Performance Liquid Chromatography of catalyst 
samples removed from each reactor periodically. The results 
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of theses analyses are presented below in Tables 8. 9. 10. The 
data in Table 8 (presented as percent Ligand I remaining 
with time) show that one half of the Ligand I in the control 
experiment (no added metal stabilizer) decomposed in 12 to 
15 days of continuous hydroformylation whereas similar 
reaction mixtures containing cobalt or platinum as stabiliz 
ers show very little Ligand I decomposition. 

TABLE 8 

Ligand I Decomposition Rates in the Presence and Absence of 
Transition Metal Stabilizers: Comparative Experiments with and 

without added Cobalt or Platinum. 

Example 1 
Rh/Ligand I Example 3 Example 4 

Days of (Control) Rh/Co/Ligand I Rh/Pt/Ligand I 
Operation Percent Ligand I Remaining 

l 100 100 100 
5 72 104 92 
8 66 97 96 

12 53 103 94 
15 49 — — 

Similarly. ruthenium and palladium were also found to 
stabilize Ligand I (see Table 9 below). 

TABLE 9 

Ligand I Decomposition Rates in the Presence and Absence of 
Transition Metal Stabilizers: Comparative Experiments with and 

without added Palladium or Ruthenium. 

Example 1 
Rh/Ligand 1 Example 3 Example 4 

Days of (Control) Rh/Co/Ligand I Rh/Pt/Ligand I 
Operation Percent Ligand I Remaining 

l 100 100 96 
5 72 87 75 
8 66 82 73 
12 53 7B 67 
15 49 — 64 
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Unlike the other metals tested above. osmium showed very 40 
small Ligand I stabilizing effect (Table 10). 

TABLE 10 

Ligand I Decomposition Rates in the Presence and Absence of 
Transition Metal Stabilizers: Comparative Experiments with and 

without added Osmium. 

Example 1 
Rh/Ligand 1 Example 6 

Days of (Control) Rh/Os/Ligand 1 
Operation Percent Ligand I Runaining 

1 100 91 
5 72 79 
8 66 69 
12 53 59 
15 49 -— 

The results shown in Tables 8. 9 and 10 above lead to the 
following conclusions: Under conditions which cause sig 
ni?cant Ligand I decomposition in continuous propylene 
hydroformylatiou in Examples 1. the extent of Ligand I 
decomposition is signi?cantly lowered when cobalt. 
platinum. ruthenium or palladium are used as stabilizers. 
The compositions of the hydroformylation reaction mix 

tures used in Examples 7 and 8 are given above in Table 1. 
Example 7 was the control (no added stabilizer) and 
Example 8 employed added cobalt as stabilizer. The average 
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reaction rates for Examples 7 and 8 (in terms of gram moles 
per liter per hour of the butyraldehyde products) as well as 
the n-butyraldehyde to iso-butyraldehyde product ratio (N/I) 
are given in Tables 11 and 12 below. 

TABLE 11 

Example 7. Ligand 11, Control (no stabilizer added) 
Reaction Rate Test Results - Daily Averages 

Days of Partial Pressure (gia) Rate N/I 

Operation C0 H2 C3116 gmol/IJlrr Ratio 

0.6 53.1 46.4 13.3 2.050 0.8 
1.5 51.3 47.4 16.5 1.732 0.7 

TABLE 12 

Example 8. Ligand Il, Cobalt stabilizer 
Reaction Rate Test Results - Daily Averages 

Days of Partial Pressures [Elsi] Rate N/I 

Operation CO H2 C3H6 gmol/Ijhr Ratio 

0.5 47 .8 47.5 11.3 0.975 1.0 
1.4 52.4 46.2 14.5 0.628 1.5 

Analysis of the crude reaction products by Phosphorus-31 
Nuclear Magnetic Resonance (P-3l NMR) spectroscopy 
showed that Ligand II in control Example 7 (no added metal 
stabilizer) had undergone over 50% decomposition to sev_ 
eral phosphorus-containing byproducts whereas the reaction 
mixture containing the cobalt stabilizer (Example 8) showed 
no decomposition byproducts in the P-31 NMR spectrum. 

EXAMPLES 9 TO 14 

Examples 9 and 14 below illustrate the stabilization of 
rhodium in hydroformylation reaction mixtures containing 
rhodium/phosphite complex catalysts using various transi 
tion metal stabilizers. The crude hydroformylation reaction 
products produced in the continuous hydroformylation tests 
described in Examples 1 to 6 above were subjected to a 
rhodium loss test to determine the etfect of the Group VIII 
metal that had been added to stabilize the phosphite in also 
stabilizing rhodium against precipitation as insoluble com 
plexes or as metallic rhodium. This rhodium loss test simu 
lates harsh hydroforrnylation reaction conditions in order to 
accelerate and magnify the rhodium loss phenomenon and to 
allow meaningful measurements within a shorter time 
frame. For this test. each crude reaction product was ?rst 
analyzed for rhodium by Atomic Absorption Spectroscopy 
(AA) and was then heated in a Fischer-Porter pressure bottle 
at 130° C. under 10 psig hydrogen for 20 hours. The 
resulting solution was ?ltered through a 0.5 micron ?lter to 
remove any insoluble complexes and analyzed by AA to 
determine the concentration of the remaining soluble 
rhodium. The rhodium concentration before and after these 
experiments is given in Table 13. 
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TABLE 13 

28 

TABLE 15 

Rhodium Loss Test Result Using Rhodium-Ligand I Catalyst and 
Transition Metal Stabilizers. 

Epoxide added daily to a Rh/Ligand I Catalyst 
Reaction Rate Test Results ~ Daily Averages 

5 

Soluble Rh Days Partial Pressure;I psi Rate 
Rh Before Test Rh After Test Remaining 

Example Stabilizer ppm ppm Percent Operation CO H2 C3H6 gmol/Llhr NH 

9 None 229 56 25 Target 45 .0 45.0 10.0 2.000 0.0 
10 Ruthenium 245 212 87 10 0.5 43.3 40.3 28.7 1.652 0.7 
11 Platinum 205 143 70 1.5 38.9 37.5 16.0 2.127 0.7 
12 Cobalt 219 102 46 2.5 40.2 37.9 15.9 2.135 0.7 
13 Osmium 184 73 40 3.5 40.9 37.9 15.8 2.122 0.7 
14 Palladium 195 36 18 4.5 41.2 39.1 14.6 2.089 0.7 

5.5 40.8 38.9 15.8 2.072 0.7 
15 6.4 41.0 38.7 16.3 3.912 0.7 

7.5 41.0 38.6 17.1 1.991 0.7 
_ _ 8.5 41.8 40.3 16.4 2.023 0.7 

The results 10 Table 13 show that (except for palladlum) 9,5 41,7 40,2 175 2,024 0,7 
the metals stabilizes the rhodium. 10.4 42-5 415 1645 1-856 0'8 

11.5 42.4 41.0 17.8 1.971 0.7 
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EXAMPLE 15 
TABLE 16 

The purpose of this Example was to determine whether R guthg?imr? stalgilizil' C0595“? 
daily additions of dodecane epoxide to a hydroformylatron 25 —————-—M“°n ate est ‘sum a W“ °s 

reaction mixture containing a rhodium/Ligand I complex Days Fania} pmsm 25g Raw 
catalyst stabilizes the Ligand during hydroformylation rela- _ 
tive to a control containing no epoxide. Dodecane epoxide 011mm“ C0 H2 mm “mm” N” 
is disclosed in above-mentioned published European patent Target 45 .0 45.0 10.0 2.000 0.0 
Application 0590611 as a stabilizer to reduce the acid- 30 [11‘; 1:17’ 12-: ‘333% (5-8 
catalyzed hydrolytic degradation of phosphites. A rhodium! 25 47:2 45.6 313 0.862 09 
ruthenrurn/Lrgandl complex catalyst was also tested sunul- 35 46,3 45.0 31,1 1,017 0,8 
taneously to compare its performance under identical :2 12-; 3g 
hydroformylauon condmons' 35 65 46:1 44:5 2913 1:468 0:8 

7.5 45.1 43.3 31.9 1.477 0.8 
. 8.5 45.4 44.1 30.5 1.306 0.8 

In Example. three glass pressure reactors were used 9.5 4&1 441 28.7 1.354 03 
as descnbed in Example 1 above. The composition of the 10.4 45.9 44.4 28.6 2.525 0.8 
reaction mixture for the epoxide-addition experiment and 114 459 43-7 30-9 14426 03 

the control experiment (no epoxide and no metal stabilizer) 40 
is shown in Table 1 (see Example 1 in Table l). The _ _ 
composition of the reaction mixture for the experiment After ab°ut_twelvc ‘lays of oontmuous °Pmtl°n~ duds 
involving the rhodiurnlruthenium/Ligandl catalyst is shown hydrofolmylauon macho“ Products were wlthdmwn from 
in Table 1 (see Example 2 in Table l). The experimental sac?‘ reactor and analyzed by phosphorus'3l ‘Nuclear Mag" 
conditions and reaction rate data from the three tests are 45 ncuc Rcsonancc (NMR) spec'roscopy'Analysls of the NMR 
Shown in Tables 14 to 17 below result shows that ligand decomposition occurred in all three 

hydroforrnylation reactions but the decomposition was low 
TABLE 14 est in the hydroformylation reaction with ruthenium as 

stabilizer and highest in the hydroformylation reaction to 
(39111191, Rh/Lismd 1 Catalyst 50 which 0.2 ml dodecane epoxide was added These results are 

Reaction Rate Test Results - Daily Averages shown in Table 17_ 

Days Partial Pressures, El Rate 
TABLE 17 

Operation C0 B2 C3H6 gmol/Uhr Nil 
55 Ligand I Stability 

0.8 41.7 41.2 19.1 0.936 0.7 mm, vs Ruthenium commg'gn 
1.5 41.6 40.6 7.7 1.086 0.7 
2.5 43.1 41.6 3.8 1.844 0.8 Ligand Stabilities as Determined by 
3.4 44.8 43.0 3.3 0966 0.8 Relative Areas of P-3l NMR Peaks 
4.5 45.4 43.4 2.4 1.530 0.9 
5.4 45.5 43.4 2.6 1.514 0.8 60 Ligand Ligand 
6.5 45.5 44.2 2.5 1.544 0.9 Remaining Decomposition 
7.5 45.3 43.8 2.6 1.531 0.9 peak products Ligand 
8.5 45.3 44.1 2.7 1.583 0.9 Counts Peak Counts Remaining 
95 45.0 43.6 3.2 1.705 0.9 

10.5 45.6 44.2 2.8 1.687 0.9 Control 5724 4103 58% 
11.1 45.7 44.5 2.9 1.879 2.3 (no additives) 
12.2 45.8 44.1 3.1 1.557 0.9 65 Epoxide 1874 7048 21% 

(adcbd daily) 
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TABLE l7-oontinued 

Ligand 1 Stability 
EExide vs Ruthenium ComEison 

Ligand Stabilities as Determined by 
Relative Areas of P-3l NMR Peaks 

Ligand Ligand 
Remaining Decomposition 

Peak Products Ligand 
Counts Peak Counts Remaining 

Ruthenium 4677 1608 74% 
additive 

What is claimed is: 
1. A hydroformylation process consisting essentially of: 

(1) forming a reaction mixture containing: (a) a mono 
ole?nic compound, (b) hydrogen. (c) carbon monoxide. (d) 
a phosphite ligand in which each phosphorus atom is bonded 
to three oxygen atoms and at least one such oxygen atom is 
bonded to a carbon atom of an aromatic ring that is adjacent 
to another carbon atom of said ring having a pendant 
monovalent group (hindering group) having a steric hin 
drance at least as great as the steric hindrance of an isopropyl 
group_ (e) a catalytic amount of rhodium. (f) a Group VIII 
metal (other than rhodium) in an amount sul?cient to reduce 
the rhodium-catalyzed decomposition of the phosphite 
ligand during the hydroformylation process and (g) an 
organic solvent in which said ole?nic compound phosphite 
ligand. catalllytic amount of rhodium and Group V111 metal 
are substantially soluble; and (2) maintaining the reaction 
mixture under conditions at which the ole?nic compound 
reacts with the hydrogen and carbon monoxide to form an 
aldehyde. 

2. The process of claim 1 wherein the phosphite ligand is 
selected from the group consisting of: 

A. diorganophosphites having the formula: 

(1)Ar represents an aryl group. at least one of such aryl 
groups having a pendant hindering group ortho to the 
carbon atom to which the oxygen atom is attached; 

(2) y has a value of 0 or 1; 
(3) Q represents a divalent bridging group selected 

from the class consisting of —-CR1R2—. —O—. 
—S--. -—N'R3—. AiR‘lF-a and —C0—; 

(4) R1 and R2 represent a group selected from the group 
consisting of hydrogen. an alkyl group of l to 12 
carbon atoms and the phenyl. tolyl and anisyl 
groups; 

(5) R3. R4. and R5 represent hydrogen or an alkyl 
group; 

(6) n has a value of 0 to 1; and 
(7) T represents a monovalent hydrocarbon group; 

B. partially open ended bis-phosphites having the for 
mula: 
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Ar-O 

(ism), 0-T 
(‘In P-O-D-O-P 
(3312), 0-T 
Lao 

wherein D represents a divalent bridging group selected 
from the group consisting of alkylenc. alkylene-oxy 
alkylene. aryl. and aryl-(CH2),-—Q,,—(CH2)y-aryl and 
wherein Ar. Q. n. y and T are as de?ned above for the 
formula in A; 

C. triorganophosphites having the formula: 

wherein R" is a substituted or unsubstituted monovalent 
hydrocarbon group. at least one of which R“ groups con 
taining a hindering group ortho to the carbon atom to which 
the oxygen atom is attached; 

D. phosphites having the formula: 

mowxonbxons) 

wherein R", R” and R‘ represent an aryl group. at least one 
of such aryl groups having a pendant hindering group ortho 
to the carbon atom to which the oxygen atom is attached. 
provided that at least one of R“. R” and RC represents a group 
having the formula: 

R4 

wherein Q represents a group having the formula: 

or a group having the formula: 

wherein R’ represents an optionally ?uorine-containing 
hydrocarbyl group. Rfrepresents a hydrogen atom or an R’ 
group. and Rd represents a hydrogen atom or an inert (to the 
hydroformylation reaction) substituent on the meta and/or 
para position of the ring. while X represents an oxygen or 
sulphur atom and n is 0 or 1. and R8 represents a hydrogen 
atom or an inert (to the hydrofonnylau'on reaction) substitu 
ent of the ring; 
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E. poly-phosphite ligands having the general formula: 

(1M)——0 
($112), \ 
((lz),l P—O X 

((lzl'lzlv 
(Ar)——0 

wherein each Ar group represents an identical or di?erent 
aryl groups. at least one of such aryl groups having a pendant 
hindering group ortho to the carbon atom to which the 
oxygen atom is attached; wherein X represents a m-valent 
radical selected from the group consisting of alkylene. 
alkylene-oxy-alkylene. arylene and arylene —(CH2)y—(Q) 
,,—(CH2)y-arylene. wherein each arylene radical is the same 
as Ar de?ned above; wherein each y individually has a value 
of 0 to 1; wherein each Q individually represents a divalent 
bridging group selected from the class consisting of 
—CR‘R2—. -0-. _s-. —NR3——. —SiR"’R5— and 
--CO—. wherein each R1 and R2 radical individually rep 
resents a radical selected from the group consisting of 
hydrogen. alkyl of 1 to 12 carbon atoms. phenyl. tolyl and 
anisyl. wherein each R3. R“ and Rs radical individually 
represents -—-H or —CH;; wherein each n individually has 
a value of 0 to l; and wherein m has a value of 2 to 6; and 

F. phosphite compounds having the formula: 

A‘{-0-P(0R‘)(0R’)],, 
wherein R1 and R2 are aromatic groups which may be the 
same or di?erent. at least one of such aromatic groups 
having a pendant hindering group on a carbon atom adjacent 
to a carbon atom bonded to the oxygen atom; A1 is an 
n-valent organic group having an aliphatic hydrocarbon 
group. a cycloaliphatic hydrocarbon group or an aromatic 
hydrocarbon group bonded with an adjacent oxygen atom. 
which may respectively have a substituent; n is an integer of 
from 2 to 4; and the respective 

{-o-P(0R‘)(0R’)] 
group may be the same or diiferent. 

3. A process as claimed in claim 1 wherein the phosphite 
is 4.8-bis( 1. l-dimethylethyl)-6-[2-( l . l-di-methylethyl)-4 
methoxyphenoxy1-2.lO-dimethoxydibenzo[d.f][1.3.2] 
dioxaphosphepin. 
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4. A process as claimed in claim 1 wherein the phosphite 

is tris-ortho-tertbutylphenyl phosphite. 
5. Aprocess as claimed in claim 1 wherein the Group VIII 

metal (other than rhodium) is ruthenium. 
6. Aprocess as claimed in claim 1 wherein the Group VHI 

metal is added to the reaction mixture as a precursor which 
is a carbonyl acetylacetonate. oxide. acetylacetonate. carbo 
nyl or nitrate of ruthenium. cobalt. palladium or platinum. 

7. Aprocess as claimed in claim 1 wherein the Group VIII 
metal (other than rhodium) reduces the decomposition of the 
phosphite ligand by at least ?ve percent by weight. 

8. A process as claimed in claim 1 wherein at least ?fty 
weight percent of the phosphite ligand would decompose in 
the absence of the compound Group VIII metal whereas less 
than forty weight percent of the phosphite ligand decom 
poses in the presence of the compound of the Group V111 
metal. 

9. The process of claim 1 wherein the Group VIII metal 
(other than rhodium) is ruthenium palladium or platinum. 

10. A hydroforrnylation process comprising: (1) forming 
a reaction mixture containing: (a) an ole?nic compound. (b) 
hydrogen. (c) carbon monoxide. (d) a phosphite ligand in 
which each phosphorus atom is bonded to three oxygen 
atoms and at least one such oxygen atom is bonded to a 
carbon atom of an aromatic ring that is adjacent to another 
carbon atom of said ring having a pendant monovalent group 
(hindering group) having a steric hindrance at least as great 
as the steric hindrance of an isopropyl group. (e) a catalytic 
amount of rhodium. and (f) a Group V111 metal selected from 
the group consisting of ruthenium. palladium and platinum 
in an amount su?icient to reduce the rhodium-catalyzed 
decomposition of the phosphite ligand during the hydro 
formylation process; and (2) maintaining the reaction mix 
ture under conditions at which the ole?nic compound reacts 
with the hydrogen and carbon monoxide to form an alde 
hyde. 

11. The process of claim 10 wherein the Group VIII metal 
is ruthenium 

12. The process of claim 10 wherein the ole?nic com 
pound is mono-ole?nic. 

13. The process of claim 10 wherein the reaction mixture 
contains an organic solvent in which said ole?nic 
compound. phosphite ligand. catalytic amount of rhodium. 
and the Group V111 metal are substantially soluble. 

* * * * * 


